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Introduction {#joim12855-sec-0001}
============

Biosynthesis of oxysterols from cholesterol {#joim12855-sec-0002}
-------------------------------------------

Oxysterols are hydroxylated metabolites of cholesterol that can be generated enzymatically and nonenzymatically [1](#joim12855-bib-0001){ref-type="ref"}, [2](#joim12855-bib-0002){ref-type="ref"}. Oxysterols were first identified as intermediates in bile acid metabolism, but it is becoming clear that oxysterols have pleiotropic roles in immunity and inflammation [3](#joim12855-bib-0003){ref-type="ref"}, [4](#joim12855-bib-0004){ref-type="ref"}, [5](#joim12855-bib-0005){ref-type="ref"}, [6](#joim12855-bib-0006){ref-type="ref"}. Structurally distinct oxysterols that have immune activity are generated from cholesterol through the action of specific enzymes (Fig. [1](#joim12855-fig-0001){ref-type="fig"}). Cholesterol 25‐hydroxylase (CH25H) converts cholesterol into 25‐hydroxycholesterol (25‐OHC), which can be further metabolized to 7α,25‐dihydroxycholesterol (7α,25‐OHC) by the enzyme oxysterol 7α‐hydroxylase (CYP7B1). Another pathway leads to the synthesis of 27‐hydroxycholesterol (27‐OHC) from cholesterol by the enzyme mitochondrial sterol 27‐hydroxylase (CYP27A1). CYP7B1 then converts 27‐OHC into 7α,27‐dihydroxycholesterol (7α,27‐OHC). Both 7α,25‐OHC and 7α,27‐OHC are further metabolized by the enzyme 3β‐hydroxysteroid dehydrogenase type 7 (HSD3B7) into bile acid precursors.

![Immunologically active oxysterols. The biosynthesis of oxysterols from cholesterol through the action of specific enzymes (CH25H, CYP27A1, CYP7B1) is shown. Receptors for the different oxysterols are highlighted in gold boxes. The immunological functions of oxysterols are indicated in grey boxes.](JOIM-285-367-g001){#joim12855-fig-0001}

Regulation of cholesterol homeostasis by oxysterols {#joim12855-sec-0003}
---------------------------------------------------

Apart from serving as precursors for bile acid synthesis, oxysterols also regulate cholesterol homeostasis by binding to the transcription factors sterol regulatory element‐binding protein (SREBP) and liver X receptor (LXR) [2](#joim12855-bib-0002){ref-type="ref"}, [4](#joim12855-bib-0004){ref-type="ref"}. SREBP activates the expression of genes that promote cholesterol uptake and biosynthesis, whereas LXR induces genes that stimulate the removal of cholesterol. One target gene of SREBP is 3‐hydroxy‐3‐methylglutaryl‐CoA (HMG‐CoA) reductase, the key rate‐limiting enzyme in cholesterol synthesis. Monohydroxylated oxysterols derived from cholesterol (such as 25‐OHC and 27‐OHC) serve as activators of LXR and inhibitors of SREBP, thereby forming a negative feedback loop that is induced by excess cholesterol. 25‐OHC binding to insulin‐induced gene (INSIG) leads to formation of a protein complex consisting of INSIG, SREBP cleavage‐activating protein (SCAP) and SREBP, thereby sequestering SREBP and ultimately suppressing cholesterol biosynthesis.

Immune activity of oxysterols {#joim12855-sec-0004}
=============================

Cells of the immune system have the ability to recognize different oxysterols by using various intra‐ and extracellular receptors. Immune cells express 'generic' oxysterol receptors, such as LXR, as well as receptors specifically expressed by immune cells, such as G protein‐coupled receptor 183 (GPR183), also known as Epstein--Barr virus‐induced gene 2 (EBI2). Consequently, oxysterols control several aspects of immune function that include cell migration, cytokine production, T helper cell differentiation, lymphocyte proliferation, macrophage phagocytosis, inflammasome activation and antiviral activity [3](#joim12855-bib-0003){ref-type="ref"}, [4](#joim12855-bib-0004){ref-type="ref"}, [5](#joim12855-bib-0005){ref-type="ref"}, [6](#joim12855-bib-0006){ref-type="ref"}. Here, I focus on the immunomodulatory function of monohydroxylated (25‐OHC, 27‐OHC) and dihydroxylated (7α,25‐OHC, 7α,27‐OHC) forms of cholesterol.

25‐hydroxycholesterol {#joim12855-sec-0005}
---------------------

25‐OHC can bind to many intracellular receptors *in vitro*, including INSIG, LXR and members of the retinoic acid receptor‐related orphan receptor (ROR) transcription factor family. For example, 25‐OHC has been proposed to be an inverse agonist for RORα [7](#joim12855-bib-0007){ref-type="ref"} and to be an endogenous ligand for RORγt [8](#joim12855-bib-0008){ref-type="ref"}, [9](#joim12855-bib-0009){ref-type="ref"}. However, it is unclear which 25‐OHC receptors mediate its immune effects *in vivo*. In fact, there is limited evidence that 25‐OHC functions through LXR *in vivo*.

A number of recent studies have discovered that 25‐OHC acts as a potent endogenous antiviral agent [10](#joim12855-bib-0010){ref-type="ref"}, [11](#joim12855-bib-0011){ref-type="ref"}, [12](#joim12855-bib-0012){ref-type="ref"}, [13](#joim12855-bib-0013){ref-type="ref"}. Cholesterol is an integral part of the plasma membrane as well as of intracellular lipid compartments. Viruses require these lipid membranes for their life cycle and hijack the cholesterol metabolism of the host to facilitate their replication. It has been demonstrated that viral infection induces expression of CH25H in macrophages through type I interferons, resulting in 25‐OHC production. 25‐OHC inhibits viral entry, assembly and replication, likely through effects on the cholesterol content of the plasma membrane and intracellular membrane compartments.

Inflammatory stimuli, such as endotoxin administration, markedly increase the blood concentration of 25‐OHC in mice and humans [14](#joim12855-bib-0014){ref-type="ref"}, [15](#joim12855-bib-0015){ref-type="ref"}, and, in addition to its antiviral activity, 25‐OHC controls inflammatory responses. In regard to its anti‐inflammatory function, two studies by Cyster *et al*. have uncovered an unexpected role for 25‐OHC and cholesterol metabolism in regulating the activity of the inflammasome, a multiprotein complex that stimulates the production of interleukin‐1 (IL‐1) family cytokines. His laboratory reported that excess amounts of intracellular cholesterol trigger inflammasome activation in macrophages and IL‐1β secretion [16](#joim12855-bib-0016){ref-type="ref"}. Furthermore, experiments demonstrated that 25‐OHC suppresses inflammasome activation and IL‐1β production by repressing SREBP and therefore cholesterol synthesis [17](#joim12855-bib-0017){ref-type="ref"}. Thus, 25‐OHC mediates type I interferon‐induced suppression of inflammasome activation. In this scenario, viral infection induces type I interferon, which leads to CH25H upregulation and subsequent 25‐OHC synthesis, ultimately limiting IL‐1β‐mediated inflammation. Conversely, a pro‐inflammatory function for 25‐OHC has also been described in macrophages [18](#joim12855-bib-0018){ref-type="ref"} and epithelial cells [19](#joim12855-bib-0019){ref-type="ref"}. In these studies, 25‐OHC stimulated the production of the pro‐inflammatory cytokines IL‐6 and IL‐8 as well as macrophage colony‐stimulating factor (M‐CSF). Consistent with a pro‐inflammatory role of 25‐OHC, mice deficient in CH25H had less inflammation‐induced lung damage after influenza infection [18](#joim12855-bib-0018){ref-type="ref"}. Overall, 25‐OHC may adjust the inflammatory response to provide optimal host defence, whilst limiting excessive inflammation and tissue injury.

27‐hydroxycholesterol {#joim12855-sec-0006}
---------------------

In steady state, 27‐OHC is the most abundant oxysterol in the blood [1](#joim12855-bib-0001){ref-type="ref"}, yet its immune activity is not well‐defined. 27‐OHC binds to INSIG, LXR and oestrogen receptor alpha (ERα). In general, LXR has anti‐inflammatory function [3](#joim12855-bib-0003){ref-type="ref"}, but similar to 25‐OHC it is unclear whether ligation of LXR by 27‐OHC has physiological significance *in vivo*. One study has reported that binding of 27‐OHC to ERα stimulates the pro‐inflammatory response of macrophages in atherosclerosis [20](#joim12855-bib-0020){ref-type="ref"}. More studies are needed to further elucidate the direct effects of 27‐OHC on the immune system and inflammatory responses.

7α,25‐dihydroxycholesterol {#joim12855-sec-0007}
--------------------------

Dihydroxylated forms of cholesterol (7α,25‐OHC, 7α,27‐OHC) act through the cell surface receptor GPR183 and function as chemotactic cues for immune cells. Pioneering studies by the Cyster and Brink groups demonstrated that GPR183 is required for the proper positioning of B lymphocytes in the spleen, thereby promoting antibody production during an immune response [21](#joim12855-bib-0021){ref-type="ref"}, [22](#joim12855-bib-0022){ref-type="ref"}. Subsequently, it was discovered that oxysterols are ligands for GPR183, with 7α,25‐OHC being the most potent one [23](#joim12855-bib-0023){ref-type="ref"}, [24](#joim12855-bib-0024){ref-type="ref"}. Genetic and pharmacological disruption of 7α,25‐OHC synthesis confirmed that the interaction of 7α,25‐OHC with its receptor GPR183 is critical for B‐cell localization in the spleen and antibody responses [23](#joim12855-bib-0023){ref-type="ref"}, [24](#joim12855-bib-0024){ref-type="ref"}, [25](#joim12855-bib-0025){ref-type="ref"}. Subsequent work identified a role for GPR183 and 7α,25‐OHC in the homeostasis of dendritic cells by directing their migration to a specific niche in the spleen [26](#joim12855-bib-0026){ref-type="ref"}, [27](#joim12855-bib-0027){ref-type="ref"}. Similarly, another study showed that GPR183 guides the migration of activated T lymphocytes within the spleen, which promotes their differentiation to T follicular helper cells [28](#joim12855-bib-0028){ref-type="ref"}.

7α,27‐dihydroxycholesterol {#joim12855-sec-0008}
--------------------------

Recently, *in vivo* GPR183 ligand activity has also been reported for 7α,27‐OHC [29](#joim12855-bib-0029){ref-type="ref"}, although *in vitro* it is 10‐fold less potent than 7α,25‐OHC [23](#joim12855-bib-0023){ref-type="ref"}, [24](#joim12855-bib-0024){ref-type="ref"}. Disruption of 7α,27‐OHC production in *Cyp27a1* knockout mice causes altered dendritic cell migration and impaired dendritic cell maintenance [29](#joim12855-bib-0029){ref-type="ref"}. 7α,27‐OHC (and 7β,27‐OHC) has also been proposed to be an endogenous RORγt agonist, thereby supporting the differentiation of T helper 17 (Th17) cells [9](#joim12855-bib-0009){ref-type="ref"}. Further studies are needed to verify this interesting observation.

Intestinal lymphoid tissues {#joim12855-sec-0009}
===========================

Innate lymphoid cells {#joim12855-sec-0010}
---------------------

Innate lymphoid cells (ILCs) are an emerging family of immune cells that are enriched in tissues interacting with the outside world, such as the intestine, lung and skin. ILCs play an important role in organ homeostasis, tissue repair, metabolism and host defence [30](#joim12855-bib-0030){ref-type="ref"}, [31](#joim12855-bib-0031){ref-type="ref"}. Apart from cytotoxic natural killer cells, three different groups of ILCs can be distinguished based on expression of signature transcription factors and effector cytokines, similar to CD4^+^ T helper lymphocytes. Group 3 ILCs (ILC3s) are characterized by expression of the transcription factor RORγt and produce the cytokines IL‐17 and IL‐22. ILC3s can be further divided into two subsets that differ in their ontogeny, localization and function [32](#joim12855-bib-0032){ref-type="ref"}. One of these subsets consists of foetal lymphoid tissue inducer (LTi) and adult LTi‐like ILC3s (CCR6^+^) that have the specialized function of orchestrating the formation of lymphoid tissues.

Intestinal lymphoid tissues in mice and humans {#joim12855-sec-0011}
----------------------------------------------

Lymphoid tissues are important communication centres of the immune system. The intestine is particularly rich in lymphoid tissues, which not only include mesenteric lymph nodes, but also Peyer\'s patches/colonic patches as well as smaller, so‐called solitary lymphoid tissues (SILT), namely cryptopatches and isolated lymphoid follicles [33](#joim12855-bib-0033){ref-type="ref"}, [34](#joim12855-bib-0034){ref-type="ref"}. These structures have an essential function in maintaining the symbiosis between the host and the gut microbiota, for example through the T‐cell‐independent production of immunoglobulin A (IgA). Cryptopatches consist mainly of ILC3s surrounded by a ring of dendritic cells within a network of stromal cells. The formation of cryptopatches is genetically programmed, and, in mice, they develop within three weeks after birth. The recruitment of B cells to cryptopatches leads to the formation of isolated lymphoid follicles.

Gut‐associated lymphoid tissue in humans consists of Peyer\'s patches, the appendix and scattered solitary lymphoid follicles [35](#joim12855-bib-0035){ref-type="ref"}. Due to experimental limitations, lymphoid tissue formation in humans, especially in the intestine, is much less well understood than in mice. It has been reported that lymphoid structures in the small intestine differ between humans and mice [36](#joim12855-bib-0036){ref-type="ref"} and that the human intestine lacks cryptopatches [37](#joim12855-bib-0037){ref-type="ref"}. In contrast, another study reported that isolated lymphoid follicles are present in the normal human colon [38](#joim12855-bib-0038){ref-type="ref"}. The discrepancies between the studies may be due to technical issues, that is the antibody staining to define cryptopatches. Consistent with this possibility, another study argued that c‐kit expression, which is often used to identify ILC3s and thereby cryptopatches in mice, is not suited for this purpose in the human intestine. The authors showed that CCR6^+^ clusters resembling murine cryptopatches can be detected in the human intestine [39](#joim12855-bib-0039){ref-type="ref"}. Importantly, these clusters contained RORγt^+^CCR6^+^ cells with intermediate c‐kit expression, which likely defines them as human LTi‐like ILC3s. Finally, one study using a chimeric human--mouse model demonstrated that mouse cryptopatches can act as precursors for larger lymphoid follicles containing human immune cells [40](#joim12855-bib-0040){ref-type="ref"}. Taken together, these studies indicate that SILT formation is likely to be conserved between humans and mice.

Role of intestinal lymphoid tissue in colitis {#joim12855-sec-0012}
---------------------------------------------

Chronically inflamed tissue resembles organized lymphoid tissue and mouse studies have shown that increased lymphoid tissue formation correlates with the severity of intestinal inflammation, although a direct causal role is still being debated [34](#joim12855-bib-0034){ref-type="ref"}, [41](#joim12855-bib-0041){ref-type="ref"}, [42](#joim12855-bib-0042){ref-type="ref"}. There is also evidence that lymphoid tissues may contribute to the disease pathology in human inflammatory bowel disease (IBD) [43](#joim12855-bib-0043){ref-type="ref"}. Basal lymphoid aggregates in the inflamed intestine are a distinctive feature of IBD, and they are already present at disease onset [44](#joim12855-bib-0044){ref-type="ref"}, [45](#joim12855-bib-0045){ref-type="ref"}. Hyperplastic lymphoid aggregates in ulcerative colitis [35](#joim12855-bib-0035){ref-type="ref"} contain CCR6^+^ LTi‐like ILC3s [39](#joim12855-bib-0039){ref-type="ref"}, and the size of these aberrant aggregates correlates with disease severity [38](#joim12855-bib-0038){ref-type="ref"}. It is unknown whether lymphoid aggregates in IBD develop from pre‐existing secondary lymphoid structures or, alternatively, whether they represent newly formed tertiary inflammatory lymphoid tissue. Overall, it seems reasonable to infer that these lymphoid structures have a pro‐inflammatory function in IBD, sustaining chronic tissue damage.

The cytokine tumour necrosis factor alpha (TNFα) plays a role in chronic intestinal inflammation [43](#joim12855-bib-0043){ref-type="ref"}, and, accordingly, TNFα neutralization using antibody administration has been an effective treatment in a subgroup of IBD patients [46](#joim12855-bib-0046){ref-type="ref"}. Interestingly, TNFα and members of the TNF superfamily play a role in lymphoid organogenesis in mice. It has been proposed that TNFα drives the development of tertiary lymphoid structures in the inflamed intestine [47](#joim12855-bib-0047){ref-type="ref"}. It is therefore possible that some of the therapeutic effects of anti‐TNFα treatment in IBD is due to the suppression of lymphoid tissue neogenesis in the inflamed intestine.

Development of intestinal lymphoid tissues {#joim12855-sec-0013}
------------------------------------------

In mice, LTi cells establish tissue residency in the intestine early during development, which is linked to their function of promoting the formation of lymphoid tissue in anticipation of the colonization of the intestine with the commensal microbiota. In general, lymphoid tissue formation is critically dependent on ILC3s that produce lymphotoxin. Beyond this general requirement, the specific factors regulating SILT formation have been identified in the small intestine. These include RANKL, CCL20, CXCL13 (and their corresponding receptors RANK, CCR6, CXCR5) and the gut microbiota [48](#joim12855-bib-0048){ref-type="ref"}, [49](#joim12855-bib-0049){ref-type="ref"}, [50](#joim12855-bib-0050){ref-type="ref"}, [51](#joim12855-bib-0051){ref-type="ref"}. In contrast, the microbiota and the other signals essential for SILT formation in the small intestine (RANKL, CCL20, CXCL13) are not required in the colon [52](#joim12855-bib-0052){ref-type="ref"}. Therefore, the specific signals required for lymphoid tissue formation in the colon have remained unknown until recently.

A novel role for the oxysterol receptor GPR183 in intestinal immunity {#joim12855-sec-0014}
=====================================================================

In the intestine, ILCs are exposed to an environment that is rich in microbe‐ and diet‐derived factors as well as metabolites. Accordingly, ILCs have to respond appropriately to environmental challenges to carry out their task as sentinels of healthy tissue function. This requires that (i) ILCs express receptors allowing them to detect environmental signals and that (ii) ILCs are strategically positioned within the tissue. However, it is poorly understood how ILCs directly sense cues from the local environment and which signals regulate their migration within the intestine.

Sensing of environmental signals by intestinal ILCs {#joim12855-sec-0015}
---------------------------------------------------

ILCs lack classical antigen receptors, but it is becoming clear that ILCs can directly sense environmental signals through the expression of receptors that detect metabolic, microbial and neuronal cues. Apart from antigen‐specific receptors, immune cells use other receptor families for environmental sensing. Metabolites can be detected through intracellular receptors, such as nuclear receptors that act as transcription factors, or, alternatively, through extracellular receptors. A prominent example of the latter is G protein‐coupled receptors (GPCRs), an important class of cell surface receptors with key functions in many organ systems. GPCRs mediate sensing of environmental signals and regulate cell migration in the immune system. We therefore hypothesized that ILCs are regulated by GPCRs that recognize metabolites. This drew our attention to GPR183, and, given the role of GPR183 in immune cell migration, we reasoned that oxysterols could serve as guidance cues for ILCs and regulate their function in the intestine [53](#joim12855-bib-0053){ref-type="ref"}.

GPR183 orchestrates ILC migration and lymphoid tissue formation in the colon {#joim12855-sec-0016}
----------------------------------------------------------------------------

Consistent with our hypothesis, GPR183 is highly expressed by LTi‐like ILC3s and ILC3s migrate towards 7α,25‐OHC *in vitro* [53](#joim12855-bib-0053){ref-type="ref"}. Furthermore, we found that GPR183 and its ligand 7α,25‐OHC promote ILC3 migration to cryptopatches and isolated lymphoid follicles in the colon [53](#joim12855-bib-0053){ref-type="ref"}. Using mice lacking either the receptor GPR183 in ILC3s or the enzyme CH25H that is critical for oxysterol synthesis from cholesterol demonstrated that GPR183 and 7α,25‐OHC are essential for lymphoid tissue formation in the colon [53](#joim12855-bib-0053){ref-type="ref"}. In contrast, they are not required for the development of lymph nodes and Peyer\'s patches. Interestingly, in the small intestine, cryptopatches and isolated lymphoid follicles form in the absence of either GPR183 or 7α,25‐OHC [53](#joim12855-bib-0053){ref-type="ref"}, despite the observation that GPR183 and 7α,25‐OHC‐synthesizing enzymes are expressed in both colon and small intestine. Moreover, 7α,25‐OHC attracts ILC3s to cryptopatches not only in the colon, but also in the small intestine. Most likely B cells acquire compensatory LTi activity when ILC3 migration to cryptopatches is impaired. This is supported by our finding that enlarged isolated lymphoid structures consisting of B cells form in the small intestine of CH25H‐deficient mice [53](#joim12855-bib-0053){ref-type="ref"}. It is therefore plausible that lymphoid tissue formation in the small intestine is rescued because microbiota‐induced chemokines, such as CCL20 and CXCL13, recruit B cells to isolated lymphoid follicles. Thus, redundant factors in the small intestine likely compensate for the lack of oxysterols and GPR183.

Localized, microbiota‐independent, 7α,25‐OHC production occurs in colonic lymphoid structures [53](#joim12855-bib-0053){ref-type="ref"}. This is mediated by specialized podoplanin^+^CD34^−^CXCL13^+^stromal cells residing in cryptopatches and isolated lymphoid follicles [53](#joim12855-bib-0053){ref-type="ref"}. Based on their phenotype, they can be classified as fibroblastic stromal cells. A second subset of podoplanin^+^ stromal cells mainly resides outside of cryptopatches and isolated lymphoid follicles. This population is CD34^+^ and highly expresses the enzyme HSD3B7 that degrades the GPR183 ligand 7α,25‐OHC [53](#joim12855-bib-0053){ref-type="ref"}. Therefore, these stromal cells likely act as a sink for 7α,25‐OHC produced by podoplanin^+^CD34^−^CXCL13^+^stromal cells, thereby creating an oxysterol gradient that attracts GPR183^+^ ILCs to the sites where cryptopatches are formed.

Previous work indicated that oxysterols exert complex effects on IgA production in the intestine. It has been reported that 25‐OHC suppresses IgA production through inhibiting class switching *in vitro* [14](#joim12855-bib-0014){ref-type="ref"}. Accordingly, CH25H‐deficient mice have lower amounts of IgA [14](#joim12855-bib-0014){ref-type="ref"}. In contrast, IgA is moderately increased in mice lacking CYP7B1 [14](#joim12855-bib-0014){ref-type="ref"}, suggesting that 7α,25‐OHC‐mediated B‐cell positioning may stimulate IgA generation. However, we found that GPR183 deficiency does not significantly alter intestinal IgA concentrations [53](#joim12855-bib-0053){ref-type="ref"}.

Implications {#joim12855-sec-0017}
------------

Our discovery that ILC3s sense oxysterols through the surface receptor GPR183 has identified a new mechanism of how ILCs directly detect environmental signals. In this case, the oxysterols 7α,25‐OHC and 7α,27‐OHC are sensed through a cell surface receptor, which regulates cell migration and tissue remodelling in steady state and inflammation (Fig. [2](#joim12855-fig-0002){ref-type="fig"}). Overall, these findings suggest that ILCs have the ability to sense changes in host cholesterol metabolism. A recent study confirmed our results, in addition reporting that GPR183 is required for ILC3‐mediated immunity against intestinal bacteria [54](#joim12855-bib-0054){ref-type="ref"}. An interesting area for future research will be to determine how ILCs and other immune cells integrate signals by chemically distinct oxysterols that are encountered within the same tissue compartment.

![The oxysterol receptor GPR183 orchestrates ILC migration, lymphoid tissue formation and inflammatory responses in the colon. Oxysterols produced by fibroblastic stromal cells attract GPR183‐expressing ILCs to sites where lymphoid tissues (cryptopatches, isolated lymphoid follicles) are formed in the steady‐state colon. The oxysterol‐GPR183 pathway also controls the formation of inflammatory infiltrates during colitis.](JOIM-285-367-g002){#joim12855-fig-0002}

Moreover, our study provides information on the mechanisms that control the spatial and functional compartmentalization of ILC3s in the intestine. Recognition of oxysterol guidance cues by GPR183 directs LTi‐like ILC3s to cryptopatches, which promotes their lymphoid tissue‐inducing function [53](#joim12855-bib-0053){ref-type="ref"}. This complements previous work showing that CXCL16 guides the positioning of CXCR6^+^ NKp46^+^ ILC3s to the villi of the small intestine, where they contribute to epithelial defence through the production of IL‐22 [55](#joim12855-bib-0055){ref-type="ref"}. In mesenteric lymph nodes, ILC3s are also found in a specific anatomical location, namely the interfollicular region [56](#joim12855-bib-0056){ref-type="ref"} and this ILC3 positioning in the interfollicular region is also dependent on GPR183 (our unpublished data). Taken together, our work demonstrates that oxysterols control ILC localization and function in lymphoid tissues by engaging the receptor GPR183.

Metabolic control of lymphoid tissue formation in the intestine {#joim12855-sec-0018}
===============================================================

Our finding that oxysterols recognized through GPR183 act as a major signal for lymphoid tissue formation in the colon supports the emerging link between metabolism, lymphoid tissue formation and immune fitness. Previous work has demonstrated that intestinal ILCs respond to diet‐derived metabolites, which control lymphoid tissue organogenesis. For example, it was shown that maternal amounts of the vitamin A metabolite retinoic acid control the size of secondary lymphoid tissues in the offspring through promoting the differentiation of foetal LTi cells, which determines antiviral immunity later in life [57](#joim12855-bib-0057){ref-type="ref"}. Conversely, lack of vitamin A in adult mice, as it occurs in malnutrition, leads to impaired lymphoid tissue formation in the small intestine [58](#joim12855-bib-0058){ref-type="ref"}. Moreover, expression of the Aryl hydrocarbon receptor (AHR) allows intestinal ILC3s to respond to phytochemicals derived from vegetables, such as broccoli, that have AHR ligand activity. This process is required for the postnatal expansion of ILC3s and, consequently, for the formation of cryptopatches and isolated lymphoid follicles in the intestine [59](#joim12855-bib-0059){ref-type="ref"}, [60](#joim12855-bib-0060){ref-type="ref"}.

Our finding that oxysterols promote the formation of lymphoid tissue in the colon raises the interesting question about the source of cholesterol that is used for oxysterol synthesis in the intestine -- specifically whether oxysterols are derived from intracellular cholesterol or from cholesterol taken up with the diet. The latter would suggest a possible link between dietary cholesterol intake and lymphoid tissue formation in the colon. This possibility is supported by the observation that, in mice, cryptopatches develop within the first 3 weeks after birth during the period of breastfeeding [49](#joim12855-bib-0049){ref-type="ref"}. It is therefore tempting to speculate that cholesterol contained in breast milk is converted into oxysterols that induce colonic lymphoid structures.

Overall, mice lacking nutrients (vitamin A, phytochemicals, oxysterols) during the perinatal period exhibit defects in intestinal lymphoid tissue formation. This link may have evolved to balance nutrient availability (i.e. dietary input) with intestinal immunity. The perinatal period is a critical time when maturation of the immune system occurs and when the microbiota colonizes the intestine. It has therefore a potentially large impact on immune responses later in life and the susceptibility to develop chronic inflammatory diseases.

Oxysterols in intestinal inflammation {#joim12855-sec-0019}
=====================================

GPR183 controls inflammatory tissue remodelling in colitis {#joim12855-sec-0020}
----------------------------------------------------------

Chronic inflammation in IBD is thought to be caused by a dysregulated immune response against the host\'s own microbiota (Fig. [3](#joim12855-fig-0003){ref-type="fig"}), which is characterized by the activation of pro‐inflammatory immune activity and subsequent tissue damage [61](#joim12855-bib-0061){ref-type="ref"}. The inflammatory response results in tissue infiltration by recruited immune cells (such as myeloid cells) and a profound tissue reorganization. Immune cells residing in lymphoid tissues participate in the inflammatory process and likely contribute to colitis. Accordingly, it has been shown that cryptopatch‐resident ILC3s are not sessile, but actively migrate in and out of cryptopatches [62](#joim12855-bib-0062){ref-type="ref"}. During inflammation, ILC3 egress from cryptopatches is increased leading to their mobilization into the surrounding tissue. ILC3‐derived cytokines, such as granulocyte macrophage colony‐stimulating factor (GM‐CSF), then lead to the recruitment of circulating inflammatory monocytes to the colon [62](#joim12855-bib-0062){ref-type="ref"}. Given that GPR183 and its oxysterol ligands promote ILC3 migration and lymphoid tissue organogenesis in the colon, we reasoned that this pathway is not only active in the steady state, but also during inflammation‐induced tissue remodelling. This was confirmed in a mouse model of innate immune‐mediated colitis [53](#joim12855-bib-0053){ref-type="ref"}. Colon inflammation increased the production of GPR183 ligands through the upregulation of the ligand‐synthesizing enzyme CH25H combined with the downregulation of the ligand‐degrading enzyme HSD3B7 [53](#joim12855-bib-0053){ref-type="ref"}. Increased oxysterol production coincided with the recruitment of GPR183‐expressing ILCs and myeloid cells to inflammatory foci in the colon. Furthermore, colitis severity was reduced in mice lacking the GPR183 receptor in innate immune cells [53](#joim12855-bib-0053){ref-type="ref"}. In support of our findings, another group reported that chemical disruption of the intestinal barrier causes increased 7α,25‐OHC production in the inflamed colon, which correlated with colitis severity [63](#joim12855-bib-0063){ref-type="ref"}. Altogether, these findings demonstrate that GPR183 and oxysterols support ILC3‐mediated tissue remodelling in the inflamed intestine, which is reminiscent of the lymphoid tissue‐inducing function of ILC3s during development (Fig. [2](#joim12855-fig-0002){ref-type="fig"}). It is reasonable to assume that increased oxysterol synthesis induced by tissue injury conveys perturbation of tissue homeostasis to the immune system, initiating the inflammatory response.

![Key mechanism of intestinal inflammation. Defective epithelial barrier function combined with dysbiosis stimulates pro‐inflammatory immune activity, whilst anti‐inflammatory pathways are impaired. This leads to a dysregulated immune response against the host\'s microbiota, thereby causing chronic inflammation and tissue damage. The possible role of oxysterols (sensed through the receptor GPR183 on immune cells) in promoting inflammatory cell recruitment is shown.](JOIM-285-367-g003){#joim12855-fig-0003}

Importantly, the GPR183‐7α,25‐OHC pathway is conserved in humans and we have found that *CH25H* and *CYP7B1* expression correlates with the degree of local inflammation in paediatric patients with ulcerative colitis [53](#joim12855-bib-0053){ref-type="ref"}, suggesting a role for oxysterols and their receptor GPR183 in human IBD (Fig. [4](#joim12855-fig-0004){ref-type="fig"}). This finding is in line with other studies that have reported upregulation of the enzymes producing the GPR183 ligand 7α,25‐OHC in chronic inflammatory and autoimmune diseases. Furthermore, CH25H‐dependent oxysterols and GPR183 promote the recruitment of activated T lymphocytes to the inflamed central nervous system [64](#joim12855-bib-0064){ref-type="ref"}, indicating a general role of this pathway in inflammatory cell recruitment. Further studies are needed regarding the role of GPR183‐expressing immune cells in other mouse models of colitis, where adaptive immune cells are important.

![Role of oxysterols and their receptors in colitis. The expression of oxysterol‐synthesizing enzymes (CH25H, CYP7B1) and GPR183 is increased in the inflamed colon, whilst expression of LXR is decreased. Recognition of oxysterols by the receptor GPR183 likely promotes colitis through immune cell recruitment, whereas the receptor LXR inhibits colitis through regulation of T helper cells. Polymorphisms in *GPR183* and *LXR* have been associated with IBD and could affect their expression. A cholesterol‐rich diet could predispose to IBD by activating the inflammasome and/or increasing amounts of the GPR183 ligand 7α,25‐OHC.](JOIM-285-367-g004){#joim12855-fig-0004}

Role of other oxysterols/oxysterol receptors in colitis {#joim12855-sec-0021}
-------------------------------------------------------

LXR has mainly been attributed to have anti‐inflammatory activity [3](#joim12855-bib-0003){ref-type="ref"}. Accordingly, it has been shown that LXR‐deficient mice are more susceptible to chemically induced colitis [65](#joim12855-bib-0065){ref-type="ref"}. This study also reported lower LXR expression in the inflamed colon of IBD patients. LXR ligation by oxysterols may protect from colitis through the induction of intestinal regulatory T cells [66](#joim12855-bib-0066){ref-type="ref"}, whilst inhibiting the differentiation of pro‐inflammatory Th17 cells [67](#joim12855-bib-0067){ref-type="ref"}. However, it is unclear which oxysterol is the relevant LXR ligand in the context of intestinal inflammation. The potential role of other oxysterols/oxysterol receptors (apart from GPR183 and LXR) in colitis needs further investigation (Fig. [4](#joim12855-fig-0004){ref-type="fig"}).

Genetic variation in oxysterol receptors and IBD {#joim12855-sec-0022}
------------------------------------------------

A single nucleotide polymorphism (SNP) in the *GPR183* gene was linked to type 1 diabetes [68](#joim12855-bib-0068){ref-type="ref"}, supporting the concept that genetic variation in this oxysterol receptor may be linked to chronic inflammatory responses. A subsequent genome‐wide association study identified the *GPR183* locus as a risk allele for human IBD [69](#joim12855-bib-0069){ref-type="ref"}. The reported polymorphisms are in the noncoding region of the *GPR183* gene and therefore likely affect *GPR183* expression [68](#joim12855-bib-0068){ref-type="ref"}. However, their functional significance is unknown and requires further investigation. It is also unclear which immune cell type(s) is affected by these polymorphisms. It is interesting to speculate that natural genetic variation in *GPR183* and GPR183 ligand‐synthesizing enzymes (*CH25H, CYP7B1*) could affect the size of intestinal lymphoid tissues in humans and the predisposition to develop intestinal inflammation (Fig. [4](#joim12855-fig-0004){ref-type="fig"}). SNPs in the gene encoding LXR are also associated with human IBD [70](#joim12855-bib-0070){ref-type="ref"}, and, similar to GPR183, these polymorphisms warrant further exploration.

A link between dietary cholesterol and colitis? {#joim12855-sec-0023}
-----------------------------------------------

Oxysterols are synthesized from cholesterol, and, whilst cells have the ability to synthesize cholesterol themselves, it can also be taken up with the typical cholesterol‐rich Western diet. Therefore, it is interesting to explore whether a diet high in cholesterol is linked to IBD (Fig. [4](#joim12855-fig-0004){ref-type="fig"}). In this scenario, high amounts of oxysterols synthesized from diet‐derived cholesterol would activate the receptor GPR183 and trigger pro‐inflammatory immune activity in the intestine. This possibility is supported by the higher prevalence of IBD in Western societies [71](#joim12855-bib-0071){ref-type="ref"}. Moreover, a Western‐style diet rich in cholesterol is associated with an increased risk to develop IBD [72](#joim12855-bib-0072){ref-type="ref"}, suggesting that increased dietary intake of cholesterol predisposes to intestinal inflammation. Some experimental data in mice further support this concept. For example, a cholesterol‐rich diet stimulates the production of type I interferon by enterocytes, which results in increased CH25H expression and consequently 25‐OHC production [73](#joim12855-bib-0073){ref-type="ref"}. In addition, feeding mice a high cholesterol diet causes inflammasome activation in the gut epithelium, which induces IL‐1β production and subsequent recruitment of inflammatory myeloid cells [74](#joim12855-bib-0074){ref-type="ref"}. Finally, oxysterols, such as 7α‐OHC and 7β‐OHC, can be generated nonenzymatically through the auto‐oxidation of cholesterol present in food with a high cholesterol content. In this respect, it has been proposed that 7α‐OHC and 7β‐OHC negatively affect intestinal barrier function and induce pro‐inflammatory cytokine production [75](#joim12855-bib-0075){ref-type="ref"}.

Therapeutic potential of oxysterol modulation in IBD {#joim12855-sec-0024}
====================================================

Based on genetic studies and animal models, several anti‐inflammatory strategies have been developed to treat IBD [46](#joim12855-bib-0046){ref-type="ref"}, [61](#joim12855-bib-0061){ref-type="ref"}. Some of them are already in clinical use, such as anti‐TNFα agents and the α4β7 integrin blocker vedolizumab [46](#joim12855-bib-0046){ref-type="ref"}, whilst others are currently under evaluation in clinical trials (Table [1](#joim12855-tbl-0001){ref-type="table"}). However, not all IBD patients respond to a specific anti‐inflammatory treatment and therefore additional therapeutic approaches need to be explored. The discovery of oxysterols as a novel class of molecules controlling ILC function and tissue remodelling in the intestine indicates that influencing oxysterol synthesis and activity could have therapeutic value in IBD (Fig. [5](#joim12855-fig-0005){ref-type="fig"}).

###### 

Anti‐inflammatory treatment of IBD

  Target                                     Drug                     Efficacy in IBD                          Current status
  ------------------------------------------ ------------------------ ---------------------------------------- ------------------
  Blockade of pro‐inflammatory cytokines                                                                       
  TNFα                                       Infliximab and others    Crohn\'s disease, ulcerative colitis     In clinical use
  IL‐6                                       Tocilizumab              Crohn\'s disease                         In testing phase
  IL‐12/IL‐23                                Ustekinumab and others   Crohn\'s disease                         In clinical use
  IL‐23                                      Risankizumab             Crohn\'s disease                         In testing phase
  Inhibition of cytokine signalling                                                                            
  JAK1‐JAK3                                  Tofacitinib              Ulcerative colitis                       In testing phase
  JAK1                                       Filgotinib               Crohn\'s disease                         In testing phase
  PDE4                                       Apremilast               Crohn\'s disease?, ulcerative colitis?   In testing phase
  Inhibition of transcription factors                                                                          
  RORγt                                      NA                       Crohn\'s disease?, ulcerative colitis?   Awaiting testing
  GATA3                                      NA                       Ulcerative colitis?                      Awaiting testing
  Activation of anti‐inflammatory pathways                                                                     
  SMAD7                                      Mongersen                Crohn\'s disease?                        In testing phase
  T regulatory cells                         Cell therapy             Crohn\'s disease                         In testing phase
  Inhibition of T lymphocyte trafficking                                                                       
  α4β7 integrin                              Vedolizumab              Crohn\'s disease, ulcerative colitis     In clinical use
  β7 integrin                                Etrolizumab              Ulcerative colitis                       In testing phase
  MAdCAM1                                    PF‐00547659              Ulcerative colitis                       In testing phase
  S1P receptors                              Ozanimod and others      Ulcerative colitis                       In testing phase
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![Possible therapeutic targeting of oxysterols in colitis. Small‐molecule agonists and antagonists could be used to inhibit the activity of the oxysterol receptors LXR and GPR183, respectively. Alternatively, drugs affecting the synthesis or degradation of oxysterols could be employed to modulate oxysterol function.](JOIM-285-367-g005){#joim12855-fig-0005}

Targeting of oxysterols and their receptors {#joim12855-sec-0025}
-------------------------------------------

For this purpose, small molecules with agonist and antagonist activity towards the oxysterol receptors LXR and GPR183, respectively, could be used. Our findings indicate that GPR183 could represent a potential therapeutic target for IBD. This is an attractive possibility since GPCRs, such as GPR183, represent the largest family of cell surface receptors in the human genome and are the most common targets of medical drugs. Furthermore, GPR183 agonists and antagonists have already been developed to probe the function of GPR183 [76](#joim12855-bib-0076){ref-type="ref"}, [77](#joim12855-bib-0077){ref-type="ref"}, [78](#joim12855-bib-0078){ref-type="ref"}. These small‐molecule agents could be further harnessed to modulate GPR183 activity in human disease. An LXR agonist had a protective effect in a mouse model of colitis [65](#joim12855-bib-0065){ref-type="ref"}. However, an unwanted side effect of current LXR agonists is the stimulation of fatty acid synthesis, causing hypertriglyceridaemia [79](#joim12855-bib-0079){ref-type="ref"}.

An alternative approach is to alter oxysterol concentrations in tissues through inhibiting their biosynthesis or degradation. In the case of 7α,25‐OHC, disrupting intratissue gradients by increasing or lowering the local 7α,25‐OHC concentration disrupts GPR183‐mediated cell migration [25](#joim12855-bib-0025){ref-type="ref"}. A few classes of drugs acting on cholesterol and oxysterols are available. For example, statins are widely used drugs that lower circulating cholesterol by inhibiting the key enzyme HMG‐CoA reductase. It is unclear whether the cholesterol content within tissue and cholesterol‐lowering drugs, such as statins, affect the immunomodulatory function of oxysterols. Statins mostly have anti‐inflammatory effects, which, however, have been suggested to be largely independent of their cholesterol‐lowering activity [3](#joim12855-bib-0003){ref-type="ref"}. Nevertheless, it has been reported that statin use is associated with a decreased risk to develop IBD [80](#joim12855-bib-0080){ref-type="ref"}. One drug targeting oxysterol production directly is the antifungal drug clotrimazole that inhibits CYP7B1 [23](#joim12855-bib-0023){ref-type="ref"} and has some therapeutic effect in rheumatoid arthritis [5](#joim12855-bib-0005){ref-type="ref"}. In a rat model of colitis, clotrimazole mitigated intestinal inflammation [81](#joim12855-bib-0081){ref-type="ref"}, yet further studies are required to assess the potential anti‐inflammatory role of clotrimazole in the intestine.

Challenges and future directions {#joim12855-sec-0026}
--------------------------------

When considering the therapeutic potential of oxysterol modulation, it is important to take into account the pleiotropic effects of different oxysterols acting through many receptors. Multiple receptors for specific oxysterols have been described *in vitro*, and it is important to clarify which receptor--oxysterol interactions are relevant *in vivo*. Furthermore, chemically distinct oxysterols likely coexist in the same tissue and may have multiple, even counteracting, effects on immune cells as well as epithelial cells in the intestine. Therefore, depending on cellular context and tissue, oxysterols may have pro‐ or anti‐inflammatory function. This is illustrated by the observation that dihydroxylated oxysterols acting through GPR183 support immune cell migration and inflammatory lymphoid tissue formation in the colon [53](#joim12855-bib-0053){ref-type="ref"}. Conversely, 25‐OHC limits inflammasome activity and therefore the production of pro‐inflammatory cytokines, such as IL‐1β [17](#joim12855-bib-0017){ref-type="ref"}. However, 25‐OHC has also been shown to have pro‐inflammatory function [18](#joim12855-bib-0018){ref-type="ref"}.

Another important area of investigation is the quantification and visualization of oxysterols in the intestine. The relevant *in vivo* concentrations of oxysterols which mediate their physiological effects are largely unknown and it will be critical to accurately quantify distinct oxysterols in the intestine, including in intestinal biopsies from humans with IBD. However, measuring lipids, such as oxysterols, in the intestine still represents a challenge. Currently, it is not possible to directly visualize oxysterol gradients that guide immune cell localization within the steady‐state intestine. Therefore, it is also unknown how tissue injury and inflammation impact these chemotactic oxysterol gradients.

Another related important area for future research is to determine the cellular source of oxysterols in the inflamed colon. As outline above, a specialized population of stromal cells residing in colonic lymphoid structures abundantly expresses the 7α,25‐OHC‐synthesizing enzymes CH25H and CYP7B1 in the steady state [53](#joim12855-bib-0053){ref-type="ref"}. Stromal cells have recently come into focus as a potential new cellular target in IBD. However, it is also possible that infiltrating myeloid cells provide a source of oxysterols, such as 7α,25‐OHC and 7α,27‐OHC, in colitis. This notion is supported by the observation that inflammatory signals, such as LPS, increase CH25H and CYP7B1 expression in macrophages and dendritic cells [14](#joim12855-bib-0014){ref-type="ref"}, [23](#joim12855-bib-0023){ref-type="ref"}.

Concluding remarks {#joim12855-sec-0027}
==================

Over the last few years, it has become evident that oxysterols exert profound effects on immune function. Our discovery linking cholesterol metabolism to ILC function, lymphoid tissue development and inflammatory responses in the intestine indicates that it is worth further exploring the role of the GPR183‐oxysterol pathway in the intestine and its potential therapeutic potential in human IBD.
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